A self-consistent field approach is used to investigate the partial to complete wetting transition for an A:B polymer blend at coexistence where polymers A and B have equal numbers of segments, N. The surface free energy, F s , is modeled using the quadratic form suggested by Schmidt and Binder ͓J. Phys. II ͑France͒ 46, 1631 ͑1985͔͒, namely, F s ϭ Ϫ 1 Ϫ 0.5g 1 2 , where and g are the surface equivalents of the bulk chemical potential and interaction energy, respectively, and 1 is the surface volume fraction of the surface preferred component ͑A͒. For selected values of g and the bulk volume fraction of A, ϱ , the volume fraction profile and A surface excess, z*, are calculated as a function of increasing . The first and second order wetting transitions are indicated by a discontinuity and divergence, respectively, of z* and 1 . In our simulations, at high values of ϱ only first order transitions are detected for both Nϭ100 and Nϭ1000. However, both first and second order wetting transitions are observed for low values of ϱ depending on the value of g. 
I. INTRODUCTION
A binary fluid mixture ͑A:B͒ in contact with a surface typically exhibits a preferential adsorption of the lower surface energy component ͑e.g., A͒ at the mixture/air interface. The amount of A that adsorbs at the surface is dictated by a balance between the decrease of the system free energy associated with segregating A and the energy penalty due to creating a concentration gradient in the near-surface region. Depending on the temperature, two classes of wetting phenomena can be observed. In systems with an upper critical solution temperature, prewetting behavior occurs at temperatures above ͑but close to͒ the critical temperature, T c . In this case the surface volume fraction of A decays smoothly to its bulk value over a characteristic length comparable with the correlation length of the mixture. For temperatures below T c , where the mixture separates into A-rich and B-rich phases, two types of wetting behavior can occur. For partial wetting behavior ͑also called incomplete wetting͒, the situation is similar to the prewetting case. Here, only a microscopically thick layer of the A-rich phase is present at the surface. In the second case, called complete wetting, the surface of the mixture is covered with a macroscopically thick layer of the A-rich phase. In this paper we will focus on the wetting behavior of phase separated polymer mixtures.
The order of the partial to complete wetting transition will be addressed in this paper. 1 The transition is of first order if the surface layer thickness jumps from a finite value to infinity 2 as some external system parameter ͑e.g., temperature͒ is varied. On the other hand, if the thickness of the wetting layer grows continuously and diverges as the transition point is approached, the transition is of second order ͑also called ''critical wetting''͒. In 1977 Cahn proposed that a mixture of A-rich and B-rich phases coexisting at the binodal should undergo a wetting transition as the temperature becomes sufficiently close to T c . 3 The temperature at which the transition occurs is called the wetting transition temperature, T w . Whereas T w is very close to T c in low molecular weight liquids, 4 T w is expected to be far from T c in polymer mixtures. This behavior, pointed out by Schmidt and Binder ͑SB͒, 5 makes polymer blends model systems for probing wetting transitions. Using the Cahn-Hilliard expression for the free energy density, SB derived analytical expressions for the transition points and found that both first and second order transitions are expected in phase separated polymer mixtures. At a fixed value of the surface interaction potential, SB also demonstrated that the transition points can be tuned by an appropriate choice of the numbers of segments of the polymers. However, as discussed in the original paper 5 and later pointed out by others, 6 the Cahn-Hilliard form of the free energy functional is valid only in the long-wavelength limit, d/dx ϳ 1/R g , where R g is the radius of gyration. Therefore, the SB model is valid only for systems which display moderate concentration gradients. To overcome this limitation, Carmesin and Noolandi ͑CN͒ used a selfconsistent field ͑SCF͒ approach to study the wetting transition and found only first order transitions in binary polymer mixtures. 7 Recently, Wang and Binder ͑WB͒ 8 and Pereira and Wang ͑PW͒ 9 used Monte Carlo ͑MC͒ simulations to demonstrate that both first and second order wetting transia͒ tions exist in polymer mixtures. However, in contrast to SB, both WB and PW results show a second order wetting transition far from T c . To date, this discrepancy has not been explained. Moreover, it was argued 8 that the disagreement between the SB and MC models was due to the mean-field ͑MF͒ assumption inherent in the SB model. In this work we will demonstrate that even within the MF approximation the trends indicated by the MC simulations can be obtained.
The purpose of this study is to use an SCF approach to calculate the wetting transitions at the coexistence for binary mixtures of polymers having equal numbers of segments, N. Both first and second order transitions are observed. Moreover, the positions of the wetting transitions are in agreement with the trends indicated by the MC calculations reported by WB and PW. In the next section the thermodynamic basis of wetting is reviewed. Section III introduces our SCF model. In Sec. IV the partial to complete wetting transition is presented as a function of bulk volume fraction, g, and N. Section V concludes the paper. For completeness, the system size and its influence on the SCF results are discussed in the Appendix.
II. THERMODYNAMICS
The free energy density ͑FED͒ of a phase separated binary polymer mixture ͑A:B͒ in contact with the surface can be written as:
In Eq. ͑1͒, 0 is the lattice density, S is the surface area, k B is Boltzmann's constant, and T is the absolute temperature. The first term of the right hand side ͑RHS͒ of Eq. ͑1͒ is the Flory-Huggins free energy per lattice site:
where A (x) and B (x) are the volume fractions of A and B, respectively, at position x and is the Flory-Huggins interaction parameter given by
where ϱ is the volume fraction of A in the B-rich ͑A-poor͒ phase. The second term of the RHS of Eq. ͑1͒, F g (x), accounts for a contribution from gradients in polymer concentration. For mixtures far from T c , F g (x) can be written as:
where a is the statistical segment length. The third term of the RHS of Eq. ͑1͒, F s , is associated with the influence of the surface/polymer interactions. For simplicity this term is purely energetic and of short-range nature; thus, only those segments directly adjacent to the surface are under the influence of the surface field. Schmidt and Binder suggested a simple phenomenological form for F s , namely,
where 1 is the surface concentration of the surface preferred ͑A͒ component and and g are surface parameters that are an analogy to the bulk exchange chemical potential and the interaction parameter, respectively. The former parameter is proportional to the difference in the surface energies of the two polymers and is always positive. The latter parameter accounts for the change of interactions near the surface ͑missing neighbors, packing effects, etc.͒ and can be generally either positive or negative. Jones and co-workers showed that to a first approximation gϳϪb, where b 3 is the volume of a monomer, assumed to be the same for both polymers. 11 To compare our results with those of SB and CN, we have assumed that F s follows Eq. ͑5͒. However, recent theoretical 12 and experimental 13 studies suggest that the quadratic form of Eq. ͑5͒ may not be accurate.
The surface excess of A, z*, represents the tendency of A to enrich the surface region of the mixture. The z* is defined as
and can be measured by a variety of depth profiling techniques such as ion scattering 14 or neutron reflectivity. 15 Norton and co-workers showed recently that at constant temperature z* is related to the surface energy, ␥, via the Gibbs adsorption equation:
where A and B are the chemical potentials of A and B, respectively. Using the expressions for A and B based on Flory-Huggins theory, Eq. ͑7͒ becomes:
where s is evaluated at the spinodal. The quantity Ϫd␥/d 1 denotes the surface free energy gained upon replacing a B segment at the surface with an A segment. Norton and co-workers also showed that Ϫd␥/d 1 ϳϪdF s /d 1 . Thus, by combining Eqs. ͑5͒ and ͑8͒, one can show that
͑9͒
Equation ͑9͒ provides insight into understanding the parameters which drive the wetting transition. Namely, as the surface region changes from being partially wet to completely wet by A, F s becomes singular 17 and, therefore, ‫ץ‬F s ‫ץ/‬ is discontinuous at the first order wetting transition but continuous at the second order wetting transition. Consequently, 1 changes discontinuously at a first order transition, but only diverges for a second order transition. 5, 7, 8 Equation ͑9͒ demonstrates that z* follows the same behavior as 1 for first and second order wetting transitions.
The wetting transition for binary polymer mixtures of equal numbers of segments is identified using the following strategy. For selected values of g and ϱ , the FEDs are calculated as a function of increasing for both the partial and complete wetting cases. The stable ͑metastable͒ state has the lower ͑higher͒ value of the FED at a given . At the transition point, the FEDs for both partial and complete wetting are equal. The order of the transition is identified by determining whether z* and 1 are discontinuous ͑first order͒ or divergent ͑second order͒. The volume fraction profiles are calculated using the SCF model outlined in the next section.
III. SELF-CONSISTENT FIELD MODEL
The SCF model ͑similar to that in Ref. 18͒ follows the framework developed by Hong and Noolandi 19 and Shull. [20] [21] [22] The polymer system is placed onto a cubic lattice with the lattice spacing equal to a. The depth coordinate of interest is that perpendicular to the surface ͑positioned at xϭ0͒. The dimension of the system is L. The probability that the t th segment of polymer k is at a distance x from the chain end is given by the distribution function q k (x,t), which is a solution of the modified diffusion equation 23 1 N
Both polymers are under the influence of a weakly perturbing mean field, w k (x). For polymer A w A (x) is given by
where A (x) and A,ϱ are the chemical potentials of polymer A at position x and in the bulk, respectively. The chemical potentials are derived from the Flory-Huggins free energy density. After some algebra, Eq. ͑11͒ becomes
The mean-field for polymer B, w B (x), is obtained by replacing the A indices by B ͑and vice versa͒ and omitting the last term in Eq. ͑12͒. Because we consider our system to be on the coexistence curve, is given by Eq. ͑3͒. The incompressibility of the mixture is enforced by introducing a term ⌬w͑x͒ given by:
where is proportional to the bulk compressibility of the mixture. As discussed elsewhere, 20 for high enough values of the volume fraction profiles reach the values characteristic of an incompressible limit. In practice, in the calculations such a value of is used that provides a good compromise between stability and the rate of convergence of the SCF calculations.
The influence of the surface on polymers A and B is introduced via the external field, w A,ext (x). For the case of an incompressible mixture, only one external field parameter is needed. This parameter represents the difference between the surface fields acting on polymers A and B. In this model w A,ext (0) represents the free energy gain associated with replacing a B segment with an a segment at the surface. In the current treatment w A,ext (0) has the form 18, 20 
where F s is the ''bare'' surface free energy defined by Eq. ͑5͒. Self-consistent solutions to Eqs. ͑10͒-͑14͒ are obtained by starting with an initial choice of ϱ , g, and ͑note that the later two quantities define Ϫ dF s /d 1 ) and an initial assumption for A (x). For partial and complete wetting A (x) is given by Eqs. ͑15͒ and ͑16͒, respectively. Thus
A ͑ x ͒ϭ1Ϫ ϱ for xϽL/2, ͑16a͒
A ͑ x ͒ϭ ϱ for xϾL/2. ͑16b͒
Because of the incompressibility limit, the values of B (x) are obtained simply as B (x) ϭ 1 Ϫ A (x). The choice of L and the layer thickness ͑L/2͒ for complete wetting can affect the SCF calculations. The role of system size is discussed in the Appendix. Using appropriate initial and boundary conditions, [18] [19] [20] Eq. ͑10͒ is solved simultaneously for both polymers to obtain values of q k (x,t), which in turn give the new values of the volume fraction profiles, k im (x):
The values of k im (x) are then used to evaluate the ''image'' mean fields, w k im (x), using Eq. ͑12͒. The SCF calculation is carried out with ''new'' guesses for the mean fields, w k new (x), that are obtained from
where is a relaxation constant. The above process is repeated until the self-consistency condition, given by
is satisfied for all mean fields. The final polymer volume fraction profiles are then used to evaluate FED and z*. The FED is calculated using Eqs. ͑1͒-͑3͒, ͑5͒, and ͑13͒. 24 the values of z* are determined from Eq. ͑6͒. Figure 1 shows how the FED varies with increasing for both partial ͑solid line͒ and complete ͑dotted line͒ wetting. The FEDs are determined for Nϭ100, gϭ0 Å, and ϱ 's of 0.05, 0.10, 0.20, and 0.30. Figure 1 indicates that at small the FED for the partially wet state is lower than that of the completely wet state. For complete wetting, the gain in free energy due to the high surface concentration of A cannot fully compensate for the energy cost due to large concentration. Thus, at small the partially wet state is always stable. As increases, the FEDs of both states decrease because the concentration of A at the surface increases. However, the complete wetting FED decreases faster than the partial one because F g increases rapidly in the partial wetting case but stays almost constant for complete wetting. The partial and complete wetting FEDs are equal at the transition point. These points are marked by arrows in Fig. 1 and define ϭ tr . The inset of Fig. 1 shows schematically the detailed behavior near the transition point. Figure 1 also shows that tr decreases as ϱ approaches the critical composition, 0.5. This behavior reflects the tendency for the A-rich phase to be in contact with the surface ͑as compared to the B-rich phase͒ as T approaches T c or correspondingly as approaches ϱ . The transition order is determined by following the behavior of z* ͑and/or 1 ) on Ϫ dF s /d 1 near the transition point. Figure 2͑a͒ shows z* as a function of for Nϭ100, ϱ ϭ 0.05 and g equal to 0.00, Ϫ0.10, Ϫ0.30, Ϫ0.50, Ϫ0.70, and Ϫ0.90 ͑Å͒. 25 Figure 2͑a͒ demonstrates that for gуϪ0.30 Å, z* increases smoothly with increasing and then abruptly becomes infinite at tr ͑denoted by the solid vertical lines͒. This discontinuity identifies the transition as first order. However, for gрϪ0.30 Å, z* increases continuously near the transition point and eventually diverges at tr . This situation corresponds to second order wetting. Supporting evidence can be obtained from the behavior of 1 . Figure 2͑b͒ shows 1 as a function of for the same set of parameters as in Fig. 2͑a͒ . Note that 1 jumps to nearly 1.0 for gу Ϫ0.30 Å whereas the surface approaches saturation over a wide range of for gрϪ0.50 Å. As in the z* case, the wetting transition can be either first or second order depending on g. Our results thus clearly indicate that both first and second order wetting transitions can exist in polymer mixtures.
IV. RESULTS AND DISCUSSION
The shape of the volume fraction profiles for systems near tr provides important insights into polymer wetting behavior. Figure 3͑a͒ shows the volume fraction profile of A for Nϭ100, ϱ ϭ 0.05, and gϭϪ0.30 Å as increases from 0.28 to 0.40 Å. Comparison of the partial and complete wetting FEDs ͑not shown͒ shows that tr ϭ 0.37 Å. Figure 3͑a͒ reveals that for Ͻ tr , the thickness of the surface layer does not change significantly as increases. Moreover, this thickness is comparable to the size of the unperturbed radius of gyration (R g ϳ 27 Å). For Ͼ tr the shape of the profile changes dramatically. In particular, both 1 and z* increase discontinuously indicating that the wetting is of first order. This observation is in agreement with the results shown in Figs. 2͑a͒ and 2͑b͒ for gϭϪ0 .30 Å. In contrast to the first order case, the polymer volume fractions vary in a different manner near a second order wetting transition. Figure 3͑b͒ shows the volume fraction profiles for Nϭ100, ϱ ϭ 0.05, and gϭϪ0.90 Å. Upon decreasing g from Ϫ0.30 to Ϫ0.90 Å, tr increases from 0.37 to 0.89 Å. As increases from 0.80 toward tr , the thickness of the wet layer grows larger than R g . For tr Ͼ this thickness increases very rapidly.
26
In summary, for Ͻ tr the volume fraction profile changes very slightly as a first order transition is approached, however the profile shows a much stronger dependence on upon approaching a second order transition.
The wetting transition can be tuned by varying chain length. We have determined the wetting transition phase diagram ͑ vs ϱ ) for Nϭ100 and 1000 as shown in Figs. 4͑a͒  and 5͑a͒. For comparison, Figs. 4͑b͒ and 5͑b͒ show the phase diagrams determined using the SB model. 5 For the SCF model the transition points are determined as before, whereas for the SB model the points are calculated using the familiar ''Cahn construction.'' 3, 5 In Figs. 4 and 5 the open circles, closed circles, and rings denote a first order wetting transition, a second order wetting transition, and an indeterminate order transition, respectively. 27 In Figs. 4 and 5, each curve corresponds to a different value of g and separates the regions of partial and complete wetting as shown schematically in the insets to Figs. 4͑a͒ and 5͑a͒. Upon decreasing g, tr increases, a result already observed in Fig. 2 . Over the range of ϱ 's studied, Figs. 4͑a͒ and 5͑a͒ show that the wetting transitions are first order for gуϪ0. 10 . This result is consistent with the findings of Carmesin and Noolandi. 7 Upon further decreasing g, the transitions become second order at low values of ϱ . Probably because of their limited range of g, this second order transition was not observed in the CN study. Upon increasing N from 100 to 1000, the wetting transition is found to occur at lower values of as shown in Figs. 4͑a͒ and 5͑a͒ , respectively. This result shows that complete wetting is more easily observed in high N polymers. In addition, second order transitions dominate at high g ͑e.g., gϭϪ0.7͒ and small ϱ ͑e.g., ϱ ϭ0.10) for the Nϭ1000 case. At the same N, comparison of Figs. 4 and 5 shows that at a given g the positions ͑͒ of the wetting transitions from SCF and SB are in good agreement, as pointed out in Ref. 7 . However, the orders of the wetting transitions are very different. Similar to the SCF results, the SB model predicts first order wetting transitions at low g ͑e.g., gϭ0.00͒ for all ϱ 's investigated. For gϽϪ0.10, both models predict second order transitions. However, in contrast to the SCF results, the SB model predicts that the transitions occur primarily at high values of ϱ . The effect of N on the phase diagram is similar in both models.
The main difference between models is that the SB ap- proach predicts that second order wetting transitions are preferred at high values of ϱ ͑i.e., close to T c ͒, whereas the SCF model suggests that these transitions should occur at low values of ϱ ͑i.e., far from T c ). The reason for this discrepancy is not known. However, the trends indicated by our results are in qualitative agreement with recent Monte Carlo simulations carried out by WB 8 and PW. 9 WB and PW showed that ͑i͒ both first and second order wetting transitions exist in polymer mixtures, and ͑ii͒ the second order wetting transitions exist at low values of ϱ .
28 Finally, we note that the trends in wetting transitions suggested by our results are supported by recent experiments. Ragil and co-workers recently presented the first experimental evidence of critical wetting in liquid systems. 29 They found that the second order wetting in pentane on water takes place at T w Ϸ 53°C, which is much lower than the critical point of the system (T c ӷ200°C͒. 30 In contrast, the first order wetting transitions are usually observed at T w 's close to T c . 4, 17 More experiments and theoretical work is needed to shed light on the nature of the wetting transitions. Hopefully, our model will provide guidance for mapping out the wetting transition phase diagram and that these experiments will address the various discrepancies between models.
V. CONCLUSION
The SCF method was used to calculate the wetting transitions in A:B polymer blends with equal numbers of segments. The surface free energy, F s , was modeled using the quadratic form suggested by Schmidt and Binder, 5 namely, F s ϭ Ϫ 1 Ϫ 0.5g 1 2 , where and g were phenomenological parameters and 1 was the surface volume fraction of A. At high values of the bulk volume fraction of A, ϱ ( ϱ Ͼ 0.10), only first order transitions are observed for both Nϭ100 and 1000 cases. Depending on the value of g, both first and second order wetting transitions are observed at low values of ϱ . This result is in contrast to studies by Carmesin and Noolandi 7 who predicted that only first order wetting transitions are possible. Our results are in agreement with Monte Carlo simulations carried out by Wang and Binder 8 and Pereira and Wang, 9 who found that second order wetting transitions in polymer mixtures take place at small values of ϱ , thus far from T c . Wang and Binder propose that the discrepancy between the WB and SB models is due to the mean-field approximation made in the SB model. Although our model is also based on mean-field theory, our results are similar to those obtained using MC methods. Thus, another explanation for the different results must be found. only first order wetting transitions take place for gу0. 26 As shown in the Appendix, the thickness of the layer for the complete wetting case depends on the original position of the layer chosen at the beginning of each simulation. 27 For the wetting transition to be of first ͑second͒ order we require both 1 and z* to change discontinuously ͑continuously͒ as the transition point is approached. In several cases ͓cf. Figs. 4͑a͒ and 4͑b͔͒ these conditions are not met simultaneously and therefore the order of the transition is ambiguous. 28 In particular, PW studied the effect of the confinement on the order of wetting transitions. They showed that for unchanged temperature ͑T͒ and strength of the surface/polymer interactions decreasing the system size results in changing the order of wetting transitions from second to first. Kumar and co-workers ͓Mol. Phys. 81, 867 ͑1994͔͒ showed that the coexistence in confined systems is depressed so that the phase diagram of the confined system falls within the phase diagram of the ''bulk'' coexistence. This implies that ϱ,bulk (T) Ͻ ϱ,conf (T), where ϱ,bulk (T) and ϱ,conf (T) are the volume fractions of A at the coexistence, respectively. These trends thus support the findings that the second and first order wetting transitions exist at ϱ→0 (TӶT c ) and ϱ →0. Lett. 77, 1532 ͑1996͒. 30 C. Franck ͑personal communication͒. 31 When the interface between the wet and nonwet states for complete wetting is close to the surface, the polymer volume fraction profiles are indeterminate.
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